1. Introduction {#s0005}
===============

Mosquitoes that belong to the order of Diptera, family Culicidae, are considered as a vector for many diseases such as dengue fever, malaria, yellow fever, Japanese encephalitis, West Nile Virus and filariasis. These mosquito-borne diseases (MBDs) are the results of the interaction of four aspects: the pathogen, the mosquito vector, the human host and the environment ([@b0235], [@b0145], [@b0070], [@b0135]).

The influence of mosquitoes on human health and well-being is greater than any other insects throughout the world. This is not only due to the diseases they transmit to humans but also the severe nuisance they cause ([@b0105], [@b0190]). The diseases transmitted by mosquito vectors are among the major contributors to human morbidity and mortality in many tropical and subtropical countries, and also to some extent in temperate zones ([@b0235], [@b0230]).

Each year, over one billion individuals are infected and over one million individuals die from vector-borne diseases with the majority attributed to mosquito-borne diseases ([@b0235]). The distribution of MBDs is linked to mosquito distribution, as mosquito distribution is mostly dependent upon the spatial distribution of breeding areas, preferred hosts and flight distance ([@b0110]).

Many researchers reported the presence of mosquito-borne diseases (MBDs) such as dengue fever, malaria, and rift valley fever ([@b0035], [@b0125], [@b0015], [@b0010], [@b0020], [@b0090], [@b0030], [@b0100], [@b0095], [@b0140], [@b0045]) in many parts of Saudi Arabia.

The geographic distribution and abundance of mosquitoes are governed by complex factors. However, climatic factors (temperature, relative humidity and rainfall) are the key determinants of the control over the mosquito vector survival, production, development, abundance and distribution ([@b0040], [@b0185], [@b0240], [@b0195]).

The temperature was found to influence the abundance, activity and presence of mosquito in temporary and permanent habitats. It affects the development time from egg to adult mosquito and even the parasite ([@b0060], [@b0085], [@b0050], [@b0215]). Similarly, rainfall influences mosquito distribution either by providing or maintaining more breeding sites. In addition, it also has a negative effect on flushing small breeding sites and decreasing temperature ([@b0060], [@b0070]). Variation in relative humidity also affects the number of females laying eggs, the number of eggs laid, feeding frequency and metabolic rate of adult mosquitoes, and survivorship ([@b0070], [@b0085], [@b0195]).

Though the relationship between climatic factors (temperature, humidity and rainfall) and mosquito abundance have been investigated in several studies, ([@b0210], [@b0025], [@b0160], [@b0155]), there has been no study examining the effect of climatic factors (temperature, relative humidity and rainfall) on mosquito abundance in the Eastern Province, Saudi Arabia.

Geographic Information System (GIS) is a widely used application in modeling and mapping of public health issues, especially when dealing with mosquito control activity ([@b0200]). The availability of up-to-date map of mosquito vectors distribution plays a major role in mosquito control programs. GIS together with GPS (Global Positioning System) is used in many mosquito control activities in different countries. The employment of GIS facilitates the identification of the location and size of mosquito larva breeding sites that aids in the selection of types of insecticide to be used in mosquito control measures ([@b0180], [@b0245], [@b0165]).

The objective of this study is to map mosquito larva breeding sites using GIS application and determine the relationship between mosquito abundance and climatic factors (temperature, relative humidity and rainfall) in the Eastern Province, Saudi Arabia.

2. Material and methods {#s0010}
=======================

2.1. Study area {#s0015}
---------------

The Eastern Province of Saudi Arabia is located along the Arabian Gulf bordered by Northern Province to the north, Kuwait to the northeast and the Sultanate of Oman to the south. It has different geographical features such as sandy soil, coastal lowlands, industrialized areas and farm areas. It is characterized by an arid climate with temperature rising from 15 °C in January to a maximum of about 42 °C in the August--September period. The average annual rainfall ranges from around 100 mm in the north and northeast during winter to less than 10 mm in the Rub al-Khali ([@b0205]).

Several environmental factors influence the abundance and distribution of mosquitoes in the area. These factors include temperature, relative humidity and precipitation, the presence of palm gardens/vegetables that hold a large volume of rainwater, widespread salt marshes and irrigation ditches. Poor sanitary sewerage-systems in the areas also cause the accumulation of a large volume of sewage water which serves as a good breeding habitat for mosquitoes in the study area ([@b0015]). 322 larva breeding sites were assessed for the presence of mosquito larvae in eight locations. Those locations include; Abu Main, Umm As Sahik, Safwa, Al-Awjam, Dammam, Al-Qatif and its surrounding area, Buqayq and Al-Sarar. Those sites showed their diverse ecological characteristic and abundance of mosquito species ([Fig. 1](#f0005){ref-type="fig"}).Figure 1Locations of the study sites along the Eastern Province, Saudi Arabia.

2.2. Data collection {#s0020}
--------------------

### 2.2.1. Field data collection {#s0025}

The spatial information and associated environmental variables were collected using a data collection format. The '*x*' and '*y*' coordinates of larva breeding sites including the size of the water body, the presence of terrestrial and immersed vegetation, the presence of fish, algae and waste materials were recorded, and the distance to the nearest house was estimated. A Geographic Positioning System (GPS) \[Garmin Model Nuvi 50\] was used for recording the coordinates of each breeding site and a hand held camera was used for taking images during field observation.

### 2.2.2. Secondary data {#s0030}

The larval and adult mosquito data were collected in collaboration with the Ministry of Health branch in Dammam. Data collection was carried out from January to December 2014. The monthly data were collected and compiled to each study site for 2014. A sampling of mosquito larvae was carried out in various breeding habitats by taking 3--5 scoops of water for each sampling location to check for the presence of larvae ([@b0015]). Mosquito larvae were identified using a dissecting microscope. Electric flycatchers and a cow sheet with a spray were used to catch adult mosquitoes from the same sampling locations.

The meteorological data of temperature, relative humidity and precipitation were obtained from the Presidency of Meteorology and Environment (PME) Dammam for the period noted above. Temperature can be defined as the mean average of minimum and maximum temperatures, measured in degree Celsius (°C). Relative humidity (RH), expressed in percentage (%), is the average monthly humidity based on the daily records. Precipitation/rainfall is the amount of rainfall in the month, measured in millimeters.

2.3. Data analysis {#s0035}
------------------

Data were analyzed to determine the relationship between mosquito abundance and climatic factors. Bivariate analysis was preformed to determine the relationship between mosquito abundance and each climatic factor (temperature, relative humidity and rainfall). Multivariate regression analysis was performed to identify the overall effect of temperature, relative humidity and rainfall in mosquito abundance. A descriptive analysis was carried out to determine the trends of mosquito abundance and climatic factors. The results of bivariate analysis were expressed in Pearson correlation coefficient.

2.4. Study procedures {#s0040}
---------------------

A systematic procedure was carried out to study mosquito distribution and abundance in Eastern Province, Saudi Arabia. To generate the map with layers, converting mosquito larvae habitat into an ArcMap layer map accompanied with variables was performed. The second step was identifying potential hotspots of mosquito larva breeding sites. The final step was determining the buffer zone (buffer distance) to indicate mosquito risk areas from larva breeding sites ([Fig. 2](#f0010){ref-type="fig"}).Figure 2Flowchart demonstrating the main steps of the study procedures.

2.5. Mapping mosquito breeding sites {#s0045}
------------------------------------

A map of the Kingdom Saudi Arabia showing the governorate boundaries was used as a base map from ESRI to link all thematic data with spatial features in order to construct an accurate database of mosquito breeding sites in the Eastern Province, KSA. In addition, attribute data such as the '*x*' and '*y*' coordinates, type of breeding site, the size of water body, vegetation, distance to the nearest house, the presence of fish, algae and debris type were set in the creation of mosquito risk area.

The *x* and *y* coordinates recorded using GPS \[Garmin Model Nuvi 50\] were exported to ArcGIS version 9.3 and then geo-referenced to develop a GIS database. The existing and potential mosquito larva breeding sites were represented by point locations in the GIS map. The GIS map showed the geographical visualization of the mosquito larva breeding sites in order to recognize specific areas with high larval abundance.

The risk map was developed by considering the flying distance of the mosquito. Most adult mosquito species fly within the range of 1--3 km though some species can travel up to 5 km ([@b0225]) and accordingly a buffer zone of 1 km, 3 km and 5 km was considered as buffer distance or mosquito risk areas.

3. Result and discussion {#s0050}
========================

Three hundred twenty-two breeding sites were assessed for the presence of mosquito larvae in eight locations from January to December 2014. Only, 206 sites (64.0%) were found to contain mosquito larvae. Those locations include; Abu Main (5 sites), Umm As Sahik (19 sites), Safwa (10 sites), Al-Awjam (22 sites), Dammam (12 sites), Al-Qatif and its surrounding area (81 sites), Buqayq (32 sites) and Al-Sarar (25 sites). Those sites showed their diverse ecological characteristic and abundance of mosquito species ([Fig. 3](#f0015){ref-type="fig"}). A total of 31,041 mosquito larvae and 2036 adult mosquitoes were collected and classified under three genera (*Culex*, *Aedes* and *Anopheles*). The highest number of adults and larvae was observed in Qatif and surrounding area followed by Awjam and Umm As Sahik ([Table 1](#t0005){ref-type="table"}).Figure 3Mosquito breeding locations within each study sites.Table 1Spatial and monthly distribution of larvae and adult mosquito in Eastern Province, Saudi Arabia in 2014.Study areaMonthTotalJanuaryFebruaryMarchAprilMayJuneJulyAugustSeptemberOctoberNovemberDecember*Larval*Abu-Main163161137898274325375751051211167Umm As Sahik206207220198208193832482321711791532298Safwa20418812912213714551831171021411581577Al-Awjam22227126317819219966181192941401472145Dammam100120170801101102010011060601231163Al-Qatif and surrounding area1027189826512082105512603691072101516702221280619,126Buqayq2432068811175805050505060601123Al-Sarar2972943332752802970185901411501002442  Total2462334539913135213923586711972188123633056366831,041  *Adult*Abu-Main7202111540000159128Umm As Sahik42653537171842516272462372Safwa30007900000928Al-Awjam63582923111373222102251341Dammam0000000000606Al-Qatif and surrounding area1062462951219002061402361161Buqayq0000000000000Al-Sarar0000000000000  Total2213893801924944115938431934172036

The relationship between larval/adult mosquito abundance and climatic factors of temperature, relative humidity and rainfall is shown ([Table 2](#t0010){ref-type="table"}). It is clear from [Fig. 4](#f0020){ref-type="fig"} that a high number of mosquito larvae were collected during November, December, February, March and April while a high number of adult mosquitoes were observed during November, December, January, February, March and April. These results clearly indicate that temperatures that range from 16.4 °C to 27.7 °C are suitable for the production of larvae and its survival whereas 15--27.7 °C favors the high abundance and spread of the adult mosquito.Table 2Correlation coefficient between climatic factors, larval and adult mosquito abundance in Eastern Province, Saudi Arabia, 2014.Pearson correlationNames of study sitesAMUSSAAWDMQSBUASEP*Adult and climatic factors*Adult mosquito abundance and temperature−0.597−0.848−0.035−0.828−0.186−0.815−−−0.867Adult mosquito abundance and RH0.4670.757−0.0560.8250.0480.563----0.654Adult mosquito abundance and rain−0.0480.1430.1000.467−0.1520.105----0.147  *Larva and climatic factors*Larva abundance and temperature−0.941−0.075−0.810−0.441−0.373−0.627−0.682−0.350−0.733Larva abundance and relative humidity (RH)0.7980.1870.6730.2920.2970.4530.5890.1800.543Larva abundance and rain0.5340.2020.5370.3560.199-0.1650.6960.4640.059[^1]Figure 4Relationship between climatic factors (a) adult mosquito and (b) mosquito larva abundance in Eastern Province, Saudi Arabia, 2014.

In the summer season, the average temperature in the study area became greater than 35 °C, which is unsuitable for both larval and adult mosquito growth. [Fig. 4](#f0020){ref-type="fig"}(a and b) shows that limited numbers of larval and adult mosquito were observed in July when the a temperature was 36.9 °C. Overall, a high larval and adult mosquito content were collected at a temperature ranging from 16.4 °C to 27.7 °C and 15 °C to 27.7 °C respectively. Several studies identified temperatures between 20 °C and 29 °C that were favorable for mosquito growth ([@b0210], [@b0025], [@b0050], [@b0150]).

Temperatures greater than 30 °C decrease mosquito survivorship and abundance ([@b0080]; [@b0220]). Similarly, ([@b0055]) found larval survival decreased with increased temperature. Unlike this study, ([@b0015], [@b0115], [@b0215]) reported that high temperatures speed up mosquito growth and increase mosquito abundance. From this and other studies, it is clear that the effect of temperature on mosquito growth, survival and production is difficult to predict at a specific range ([@b0195]).

This study showed that high relative humidity increases the larval and adult mosquito abundance. Average relative humidity that ranges between 44% and 69% was favorable for the increase of mosquito abundance in the study area ([Fig. 4](#f0020){ref-type="fig"}a and b). Different studies have indicated that relative humidity influences the survival and activities of the mosquito. It has been reported that the lifespan of the mosquito increases as humidity increases and the high humidity increases mosquito density and abundance ([@b0210], [@b0040], [@b0025], [@b0015], [@b0160], [@b0195]).

[@b0085] found that both the number of female mosquitoes laying eggs and production of eggs (oviposition) are higher at a lower temperature and higher relative humidity, while [@b0115] found that egg production and larva indices increase when both temperature and humidity are high.

This study demonstrated that low humidity was characterized by low larval and adult mosquito abundance. During summer season, a minimum number of larval and adult mosquitoes were collected as relative humidity became low. The increased number of larval and adult mosquitoes was observed during October, November, December, January, February and March when relative humidity is high in all study sites.

In the current study, the influence of precipitation/rainfall was also visible ([Fig.4](#f0020){ref-type="fig"}a) on the abundance of the adult mosquito during the rainy months though the average annual rainfall in the Eastern Province was 5 mm. During the rainy months of January, February, March, April and May, more adult mosquito activity was observed compared to the dry seasons. Rainfall influences the number of mosquitoes either positively by providing more/maintaining breeding sites or negatively by flushing out mosquito larvae from small breeding sites ([@b0210], [@b0040], [@b0025], [@b0060], [@b0160], [@b0120], [@b0070], [@b0130]). Overall, a moderate positive correlation between mosquito abundance and rainfall was observed in all study sites.

The statistical analyses performed between adult mosquito abundance and climatic factors are given in [Table 2](#t0010){ref-type="table"}. This statistical analysis was preformed for Abu Main, Umm As-Sahik, Safwa, Al-Awjam, Dammam and Al-Qatif, with the exception of Buqayq and Al Sarar since no adult mosquitoes were collected during field visits. [Table 2](#t0010){ref-type="table"} clearly shows that mosquito abundance has a negative correlation with temperature. However, a positive correlation was observed with relative humidity with the exception of Safwa site. It is also evident from [Table 2](#t0010){ref-type="table"} that mosquito abundance has a moderate to low positive correlation with precipitation/rainfall with the exception of Abu Main and Dammam.

The regression model for three climatic factors (temperature, RH and rainfall) explained 84.5% (*R*^2^ = 0.845) of the variance in adult mosquito abundance in the Eastern Province. This means that 84.5% of the variance are accounted for the three parameters and the remaining 15.5% attributed to other factors such as the presence of vegetation, waste materials, water reservoirs, ditches, and others.

Mosquito larva abundance has a negative correlation with temperature in general, but a strong negative correlation in Abu Main, Safwa, Al-Qatif and Buqayq. Larva abundance has a positive correlation with relative humidity, with the highest correlation values (0.798, 0.673, and 0.589) in Abu Main, Safwa and Buqayq, respectively. Mosquito larva abundance and precipitation has a moderate to low positive correlation, with the exception of a negative correlation in Al-Qatif. The regression model of the three climatic factors (temperature, RH and rainfall) accounted for 64.3% (*R*^2^ = 0.643) of the variance in mosquito larva abundance in the Eastern Province. 64.3% of the variance was explained by the 3 parameters and the remaining 35.7% was attributed to other factors such as the presence of vegetation, waste materials and water reservoirs such as ditches. In a comparison of the two regression models (adults and larvae) and climatic factors, it seems that larvae are more influenced by the presence of vegetation, waste material, water reservoirs and ditches. The presence of floating and terrestrial vegetation, poor environmental sanitation and extensive irrigation activities that create water reservoirs such as ditches are among the major environmental factors for mosquito abundance and their wide distribution in many habitats ([@b0170], [@b0015], [@b0065], [@b0075]).

Understanding climatic factors (temperature, relative humidity and rainfall) influencing adult and larvae is the first step to control over mosquito vector distribution and abundance. The other step is utilization of GIS application to improve and advanced control of MBDs and development of a risk map ([@b0185], [@b0175], [@b0180], [@b0005], [@b0200], [@b0075], [@b0245]). Development of a risk map for the Eastern Province by considering the flying distance of the adult mosquito from the studied sites was performed. Most adult mosquito species fly within the range of 1--3 km, though some species can travel up to 5 km ([@b0225]). Accordingly, a buffer zone of 1, 3 and 5 km is considered as a buffer distance for mosquito risk areas [Fig. 5](#f0025){ref-type="fig"}.Figure 5Buffer distance/mosquito risk area in Eastern Province, Saudi Arabia, 2014.

It seems that the risk areas in our study locations grouped into three clusters. One cluster includes locations 1--6, while the second and the third include location 7 and 8. However, the possibilities of existence of other sites between those locations are possible since this study focused on those three locations. The results show that the buffer distance/mosquito risk area of MBDs is high for locations 1--6, compared to those of 7 and 8. The average distance between all sites at various locations is approximately 0.5 km. Therefore, risk areas for the first cluster will positively overlap comparing to the other two clusters. Based on this finding, it is essential to implement high-risk management control program to focus on sites 1--6 as a first priority, and followed by sites 7 and 8.

4. Conclusion {#s0055}
=============

The results of this study demonstrate a strong negative correlation between mosquito abundance and temperature, while there is a strong and moderate positive correlation between relative humidity and rainfall, respectively. There are variations in the influence of climatic factors on adult mosquitos (84.5%) and larva (64.3%), compared to other factors in adults (15.5%) and larva (37.7%). In addition, GIS was used to identify with detail the potential hotspots of mosquito larva breeding sites, buffer distance/mosquito risk area of MBDs. The study recommends a management control strategy based on current risk area and suggests to focus on specific locations according to their priorities.

The authors would like to thank Dr. Alexis Nzila, and Dr. Baqer Al-Ramadan for their constructive comments and support. The authors also would like to thank King Fahd University of Petroleum and Minerals (KFUPM) for the support to conduct the study. The authors are grateful to the Ministry of Health, Dammam Branch and Presidency of Meteorological and Environment, Dammam, for providing required logistic support and meteorological data, for the study.

Peer review under responsibility of King Saud University.

[^1]: Note: AM = Abu Main, US = Umm As Sahik, SA = Safwa, AW = Al-Awjam, DM = Dammam, QS = Al-Qatif and its surrounding area, BU = Buqayq, AS = Al-Sarar, EP = Eastern Province.
